Abstract-Increased arterial wall tension stimulates growth and remodeling of arteries, but little is known about the effects of decreased wall tension, despite its developmental and pathological significance. Consequently, we cuffed 1 carotid artery in rabbits with a portion of the contralateral artery to off-load circumferential wall tension. The model produced rapid and extensive atrophy of the cuffed artery that yielded decreases in the DNA content of the cuffed artery (a measure of cell number) from 8.0Ϯ0.5 g/cm of in situ vessel length to 5.6Ϯ0.5 g/cm at 21 days postoperatively. The elastin content of the cuffed artery was also significantly reduced, from 399Ϯ17 to 283Ϯ17 g/cm, and collagen content was reduced from 468.0Ϯ59.0 to 154Ϯ24 g/cm (PϽ0.05) at 21 days postoperatively. Detection of DNA oligonucleosomes by gel electrophoresis implicated apoptotic cell death in remodeling due to cuffing. Upregulation of matrix metalloproteinases (MMPs), including MMP-2, MMP-9, and unidentified gelatinases, indicated that these enzymes may also be involved in remodeling. No further changes in wall structure were seen between 3 weeks and 6 months, and the excised artery that was used as a cuff exhibited normal medial morphology for at least 6 months postoperatively. We infer from these experiments that off-loading of arterial wall tension induces rapid and extensive atrophy of the arterial media.
L ong-term changes in local hemodynamic forces induce remodeling of arterial wall tissue that is critical to vascular development, to vascular adaptation in the adult, and to the progression of cardiovascular disease. 1 This remodeling is specific for the type of hemodynamic load that is imposed on the tissue: pressure-induced increases in tension elicit thickening of the arterial wall, whereas flow-induced increases in shear stress result in increased vessel diameter. Furthermore, these remodeling processes are age dependent. For example, increases or decreases in blood flow rate have a marked effect on tissue accumulation in immature arteries, whereas flow-induced changes in the diameters of mature arteries are achieved with little, if any, net changes in wall constituents, 2 unless flow is greatly increased for a prolonged time. 3 With changes in blood flow rate, the most basic features of tissue reorganization and its time course depend on whether flow is increased or decreased. For example, remodeling in response to decreased blood flow normally proceeds much more rapidly than does remodeling elicited by increased flow. 2, 3 By contrast, only very limited comparisons have been made between the effects of increased versus decreased arterial blood pressure and wall tensile stress. Instead, investigations have concentrated on the effects of increased pressure and tensile stress because of the putative importance of the resulting arterial wall thickening to the progression of hypertension. 4 However, remodeling in response to decreased arterial pressure is physiologically significant, because it occurs in some vessels during development, eg, the pulmonary arterial system after birth 5 ; furthermore, clinically significant arterial occlusive disease depressurizes the arterial tree downstream from the occlusion site. Consequent remodeling may affect both progression of the disease and the sequelae to therapeutic interventions such as bypass graft implantation. Finally, there is evidence that experimental off-loading of tensile stress inhibits experimental atherogenesis, 6 so even the initiation of arterial disease may be affected.
Recently, we cuffed rabbit abdominal aortas with rigid polyethylene collars to investigate the effect of reduced vessel wall distension on intimal proliferative responses to endothelium-denuding (balloon) injury. 7 These intimal responses were largely unaffected, but the media of the arteries atrophied and displayed apoptosis and histological evidence of disruption of matrix, with or without an injury stimulus.
In the current study, we have characterized the atrophic responses to the reduced wall distension by using a modified cuffing procedure. Instead of placing synthetic cuffs on aortas, we cuffed rabbit carotid arteries with segments of the contralateral carotid artery to preclude the effects of reactions to foreign materials. Cuffed arteries were assessed at up to 6 months after surgery. We found that the transplanted carotid arteries that were used as cuffs remained viable and displayed normal medial structure at all time points. In contrast, the cuffed artery, like the cuffed aorta, exhibited extensive atrophy. Apoptosis yielded significant cell loss by 3 weeks (30% decrease in DNA content); furthermore, matrix degradation resulted in substantial decreases in elastin (29%) and collagen (67%) contents. A dramatic upregulation of expression of matrix metalloproteinases (MMPs) was consistent with a role for these enzymes in matrix degradation.
Methods

Experimental Alteration of Arterial Wall Tension
Full surgical anesthesia of adult, male New Zealand White rabbits weighing 3.0 to 4.9 kg was induced with an intramuscular injection of 0.8 mL/kg of xylazine (20 mg/mL) and ketamine (90 mg/mL). Anesthesia was maintained with a continuous intravenous infusion (0.031 mL/min) of this anesthetic.
The carotid arteries were exposed via a midline cervical incision, and the left common carotid artery was cleared of adventitia under a dissecting microscope. The right common carotid artery was then cleared of adventitia, twice ligated as far proximally and distally as possible, and then excised between the ligations and opened lengthwise. The right carotid artery was sewn, by using a 7-0 prolene suture, as a cuff around the left carotid artery. The neck incision was closed in 2 layers, and the animals were allowed to recover.
Immediately after surgery; at 5, 10, or 21 days (nϭ6 per time period) after surgery; or 6 months (nϭ3) postoperatively, rabbits were killed with an intravenous injection of 1.0 mL of euthanasia solution:
mg/mL 4,4Ј-methylene-bis-(cyclohexyltrimethylammonium iodide), and 5 mg/mL tetracaine hydrochloride (T-61, Hoechst Canada, Inc). After a rapid thoracotomy was performed, the descending thoracic aorta was retrogradely cannulated, and the carotid arteries were flushed with 60 mL of PBS and then fixed by perfusion with 3% paraformaldehyde in PBS for 20 minutes at 100 mm Hg via the aortic catheter. The cuffed segments of artery, as well as a segment of carotid artery upstream from the cuff, were excised and embedded in paraffin; then transverse or longitudinal sections were made and stained with hematoxylin and eosin or Movat's modified pentachrome connective-tissue stain.
Ligation of the right carotid artery before excision causes the left carotid artery to carry increased (collateral) flow to cranial tissues. We wished to test the effect of this flow increase on the remodeling we observed in cuffed arteries; therefore, in an additional group of rabbits (nϭ6), the external left carotid artery was ligated at the time of cuffing. We have previously reported that this ligation reduces ipsilateral common carotid artery flow rate by Ϸ70%. 2, 8 In the current study, flow rates were determined by reanesthetizing the rabbits 3 weeks after surgery and mounting transit-time ultrasonic flow probes (Transonic Systems) on the experimental carotid artery, and blood flow rates were recorded on a Gould 2400S chart recorder. This work was approved by the Animal Care Committee of the Toronto Hospital and was conducted in accord with the standards of the Canadian Council on Animal Care.
Morphometry
Histological sections were examined using a Nikon photomicroscope (Labophot) equipped with a Pulnix TMC-7 video camera. The camera was linked to a computer imaging analysis system (C• Imaging, model 640, Compix, Inc) that was used to measure medial cross-sectional area as a measure of medial tissue mass, and luminal circumference. The cuffed (left common carotid) artery segments were compared at the different time points with control (unmanipulated) carotid arteries.
Biochemical Analyses
Adventitia was removed from the cuffed and upstream segments of carotid arteries 21 days postoperatively, and the segments were divided into bilateral, longitudinal segments (nϭ6 rabbits). Elastin and collagen contents were determined from 1 ⁄2 of the vessel while the other half was used to determine DNA content. Two additional rabbits were used for DNA analysis. Contents were expressed as micrograms per centimeter of in situ vessel length.
DNA content was determined using the fluorometric assay of LaBarca and Paigen. 9 In brief, arterial tissue was homogenized and reacted with the fluorescent dye bisbenzimide (Hoechst 33258, Sigma Chemical Co). Binding of DNA enhances fluorescence of the dye in proportion to DNA concentration. The DNA in the arterial samples was then determined by comparison with a standard curve generated by using varying amounts of calf thymus DNA type I (Sigma).
Collagen and insoluble elastin were measured after treatment of the arterial tissue with CNBr, a reagent that cleaves proteins at methionine residues. Elastin lacks methionine residues and remained insoluble after digestion. CNBr (50 mg/mL) was added to 70% formic acid that had been degassed by bubbling with N 2 . Arterial tissue samples were suspended in 1 mL of the solution in tightly capped tubes and incubated for 24 hours at room temperature. The elastin residue was removed from the solution, and the digestion was terminated by adding 10 mL of boiling distilled water; then the elastin residue was frozen and lyophilized.
A ninhydrin assay was used to determine the amount of elastin that was isolated by the above procedure. Insoluble elastin samples were hydrolyzed with 5.7N HCl at 110°C overnight and then dried at 130°C for 3 hours. Samples were reconstituted in distilled water. Standards ranging in concentration from 0 to 10 mg/mL were prepared using acid-hydrolyzed bovine ligamentum nuchae elastin (Sigma). 10 Nin-Sol AF dimethyl sulfoxide-ninhydrin reagent (1 mL, Pierce) was added to 2 mL of standard or sample in glass test tubes, and the tubes were boiled in a water bath for 15 minutes. Absorbance of standards and samples was read on a spectrophotometer at 570 nm (LKB Ultraspec Plus, model 4054, Pharmacia, LKB, Biochrom), and the amount of elastin present in samples was determined by interpolation from the standard curve. 10 Collagen content was measured by assaying the CNBr extract for hydroxyproline. 11 In brief, the diluted CNBr extract was lyophilized, the residue was hydrolyzed overnight in 5.7N HCl at 110°C, and 4-hydroxyproline was determined in this hydrolysate by colorimetry. 2 Because collagen is the only protein in the extract containing significant quantities of hydroxyproline, the total weight of collagen in the tissue was calculated from this hydroxyproline content, after assuming that collagen contains 12.77% 4-hydroxyproline by weight. 12 
Gelatin Zymography
Zymography was performed on protein extracted from carotid arteries at 5, 10, and 21 days after cuffing (nϭ3 per time period). Cuffed arteries were isolated, stripped of cuffs and adventitial tissue, frozen in LN 2 , and ground to a fine powder. Protein was extracted in lysis buffer containing 1% SDS and 100 mol/L PMSF and 10 g/mL leupeptin in 45 mmol/L Tris buffer (pH 7.0). Protein concentration was determined using the bicinchoninic acid protein assay reagent (Pierce). Equal amounts of total protein from each extract were electrophoresed on a 10% SDS-polyacrylamide gel that had been copolymerized with 0.1% type I gelatin (Sigma) to provide a substrate for collagenases/gelatinases. After electrophoresis, the gels were washed with 2.5% Triton X-100 and then incubated overnight at 37°C in 0.05 mol/L Tris, 2.5 mmol/L CaCl 2 , and 0.02% NaN 3 . Some gels were incubated in the presence of 2 mmol/L 1,10-phenanthroline or 20 mmol/L EDTA to inhibit metalloproteinase activity. Gels were stained with Coomassie blue, and sites of gelatin degradation appeared as lytic bands in the stained gel.
Western Immunoblotting
Zymograms displayed lytic bands at 85, 67, and 60 kDa. To test whether these bands were produced by MMP-9 or MMP-2, arterial protein extracts were electrophoresed as described above and then transferred to nitrocellulose membranes (Protran). The membranes were immunoblotted with either primary anti-human MMP-9 (mouse) antibody (ICN) or anti-human MMP-2 (mouse) antibody (ICN) diluted 1:2500, and enhanced chemiluminescence (ECL, Amersham Life Science) was used to detect the immunoreactive bands. After being blotted with peroxidase-labeled anti-mouse secondary antibody, the membranes were blotted with detection reagent and then exposed to Kodak X-OMAR x-ray film.
Detection of Degradation of DNA Into Oligonucleosomes
DNA was extracted from upstream and cuffed segments at 5, 10, and 21 days postoperatively (nϭ5 per time period) and purified using a standard extraction method. Tissues were minced and incubated overnight in DNA lysis buffer (20 mmol/L Tris-HCl [pH 7.4], 1% SDS, 5 mmol/L EDTA, 100 g/mL proteinase K, and 10 L/mL RNase A) at 50°C. The DNA was extracted with salt-saturated phenol and chloroform and precipitated with 100% ethanol. 13 Two micrograms of arterial tissue DNA or 1 g of 100-bp DNA marker (Pharmacia Biotech) was incubated with 10 Ci of [ 32 P]dCTP (ICN Biomedical Canada Ltd) and 10 U Klenow polymerase (Pharmacia Biotech) for 15 minutes at 30°C. DNA was also incubated with 0.75 ng of a 30-bp oligonucleotide to control for variability in loading wells for electrophoresis. The end-labeling reaction was terminated by addition of 10 mmol/L EDTA. Unincorporated nucleotides were removed by using ProbeQuant G-50 Micro Columns (Pharmacia Biotech) and by following the manufacturer's instructions. The end-labeled DNA was then electrophoresed on a 1.8% agarose gel and blotted onto Hybond nylon membranes (ICN Biomedical Canada Ltd), and the membranes were used to expose Kodak X-OMAR x-ray film to detect the end-labeled DNA fragments.
Statistical Analysis
All data are expressed as meanϮSEM. Comparisons between cuffed carotid artery medial cross-sectional areas and luminal circumferences from different time points and with unmanipulated carotid arteries were made using a 1-way ANOVA and Fisher's protected least significant difference test. Comparisons of DNA, elastin, and collagen contents of upstream and cuffed vessels were analyzed by paired t tests. Differences were considered significant at PϽ0.05.
Results
Histology
Histology of the carotid artery upstream from the cuff is shown in Figure 1A . This vessel segment was identical to control carotid arteries harvested from unmanipulated animals (data not shown). Matrix degradation in the cuffed artery, evident as modest fragmentation of the elastic lamellae, was observed as early as 5 days postoperatively (not shown). At 21 days, extensive matrix degradation, cell loss, and attenuation of the media were evident ( Figure 1B) . No further changes to the cuffed artery were detected at 6 months postoperatively. Interestingly, the segment of right carotid artery that was used as a cuff remained viable and exhibited normal medial morphology after 21 days ( Figure 1B ) and 6 months, although some degeneration, dehiscence, and inflammatory cell accumulation were observed around the suture site, but not elsewhere.
Morphometry
Morphometry revealed marked atrophy of the cuffed artery over the 21 days after cuffing, as indicated by a decrease in medial cross-sectional area from 0.28Ϯ0.01 to 0.17Ϯ0.02 mm 2 at 3 weeks (Figure 2A ). The decreased cross-sectional area was statistically significant by 5 days (PϽ0.05), and a further significant decrease was detected at 3 weeks. Luminal circumferences ( Figure 2B ) of cuffed segments were acutely reduced by 37%, from 4.77Ϯ0.06 to 3.0Ϯ0.2 mm, and circumferences remained significantly below control values (PϽ0.05) at 0, 5, and 10 days postoperatively. Circumferences returned to near-normal values at 21 days. Thinning of the cuffed artery undoubtedly contributed to this restoration of diameter, although dehiscence of the cuff margins was also probably a factor at later time points.
Ligation of the right common carotid artery, which was necessary for excision of the cuff segment, causes doubling of left common carotid artery blood flow rate. 14, 15 To test whether this increase in flow rate contributed to the remodeling produced by cuffing, we ligated the left external carotid artery in a separate group of rabbits at the time of cuffing. Three weeks later, blood flow rate in the left common carotid artery (18.8Ϯ2.2 mL/min) was slightly below values that we and others have recorded in control carotid arteries of rabbits 14 -16 ; thus, the ligation procedure eliminated flow rate increases associated with cuffing. The ligation did not significantly influence vessel circumference or medial crosssectional area after cuffing (Figure 2) . We infer that alterations in flow rate do not significantly contribute to remodeling associated with cuffing.
Biochemical Analysis of Wall Constituents
Our observation that cuffing of the left carotid artery induced medial tissue loss was supported by biochemical analysis of wall tissue constituents (Figure 3 ). DNA content of the cuffed artery was significantly lower than that of the upstream segment of artery (5.6Ϯ0.5 compared with 8.0Ϯ0.5 g/cm, PϽ0.05) at 21 days.
Elastin content was also significantly lower at 21 days in cuffed arteries when compared with the upstream segments (283Ϯ17 compared with 399Ϯ17 g/cm, PϽ0.05). Simi- larly, collagen content of the cuffed artery was reduced from 468.0Ϯ59.0 to 154Ϯ24 g/cm (PϽ0.05) at 21 days postoperatively.
Gelatin Zymography
Gelatin zymography of protein isolated from unmanipulated control carotid arteries revealed constitutive expression of 67-and 60-kDa gelatinases in the rabbit carotid artery ( Figure  4A ). Expression of these enzymes was enhanced in cuffed arterial segments at all time points. In addition, gelatinolytic enzymes with molecular masses of 108, 100, 85, 67, 60, and 75 kDa were induced in cuffed arteries. Incubation of gels with 2 mmol/L 1,10-phenanthroline or 20 mmol/L EDTA completely inhibited all of the proteinases detected (data not shown), suggesting that these gelatinolytic enzymes were metalloproteinases.
Western Immunoblotting
Western immunoblotting was used to test whether bands detected by zymography were produced by MMP-9 and/or MMP-2. Anti-human MMP-2 antibody detected the 67-and 60-kDa gelatinases ( Figure 4B ). Anti-human MMP-9 antibody detected the 85-and 75-kDa gelatinases as well as the bands detected by anti-MMP-2 antibody. We infer that the 67-and 60-kDa gelatinases are the latent and active forms, respectively, of MMP-2 and that the 85-and 75-kDa gelatinases are latent and active forms, respectively, of MMP-9. Presumably, the anti-MMP-9 antibody cross-reacts with MMP-2 in rabbits, as has been reported by the manufacturer for guinea pigs.
Detection of DNA Fragmented Into Oligonucleosomes
When DNA extracted from cuffed vessels at 5 days postoperatively was end-labeled with [ 32 P]dCTP and electrophoresed on an agarose gel, DNA fragments in multiples of 200 bp were detected ( Figure 5 ). These data indicate cleavage of DNA at internucleosomal sites by endogenous endonucleases, a biochemical hallmark of apoptosis. These same findings were also observed at 10 and 21 days postoperatively (data not shown). Degradation of DNA into oligonucleosomes was observed as early as 2 days postoperatively, the earliest time point studied. Some apoptosis was detected at low levels in the upstream segments of the left carotid artery at early time points. This may be due to a nonspecific response to surgical manipulation of the artery. 
Discussion
Hemodynamic forces are very potent initiators of arterial remodeling. Chronic changes in blood flow rates lead to long-term alterations in arterial diameter, whereas increased blood pressure and wall tension cause arterial wall thickening. Although such remodeling has been extensively studied in the past, the primary focus has been on its growth-related aspects, ie, cell proliferation and matrix synthesis. In recent years, however, the importance of cell death and matrix degradation has received increasing emphasis in vascular biology. 17 For example, we recently showed that while increased blood flow rate stimulates growth of developing arteries, 15 suppression of blood flow not only inhibits cell proliferation, but it also enhances endothelial and smooth muscle cell apoptosis. 8 Cell death is probably important not only in suppressing cell accumulation rates, but also it is probably involved in more subtle reorganization of wall tissue in remodeling arteries. In this regard, it is noteworthy that both the onset of hypertension and its reversal upregulate apoptosis. 18 -20 Similarly, matrix degradation is important in vascular pathologies, including atherosclerosis [21] [22] [23] and restenosis, 24 and matrix degradation is involved in vascular tissue responses to defined, experimental injury to arteries. It is also likely that local, tightly regulated matrix degradation is important in reshaping arteries that are exposed to changing mechanical loads. Consequently, experimental models that produce relatively high levels of cell death and matrix degradation may be especially valuable for studying these processes.
Because elevated blood pressure and wall tension induce substantial cell and matrix accumulation in arteries, we reasoned that off-loading wall tension might provide an effective stimulus for these atrophic processes. Furthermore, remodeling in response to reduced wall tension has important developmental and pathophysiological implications. For example, the pulmonary arterial system experiences a rapid and dramatic decrease in blood pressure in the immediate neonatal period, with pressures falling from 45 to 50 mm Hg to 10 to 20 mm Hg shortly after birth. The implications of this fall in blood pressure and pulmonary arterial wall tension for neonatal growth and remodeling of the pulmonary vasculature have been addressed only rarely. 25 In addition, the clinical consequences of some of the most critical vascular disorders, eg, atherosclerosis and thrombosis, are a direct result of arterial obstruction that compromises blood flow. By definition, arterial obstructions that create enough flow resistance to compromise perfusion will decrease blood pressure, and therefore wall tension, in downstream arteries. Rapid atrophic remodeling at these sites may affect the sequelae to arterial occlusive disease. For example, extensive production of matrix-degrading enzymes adjacent to lesion sites may contribute to plaque rupture and embolism. Furthermore, such remodeling farther downstream could have important implications for the outcome of bypass grafts that are directed to these sites.
The artery-cuffed artery was designed to off-load wall tension in arteries without exposing the tissue under study to foreign materials. Furthermore, by using a long, straight, uniform artery, the carotid, we were able to locally off-load wall tension in 1 segment while leaving an adjacent, upstream segment undisturbed to serve as a control. Essentially, the cuffing procedure effectively doubles wall thickness (h) of the vessel and reduces vessel radius (R), so that the tensile stress (T) imposed by arterial pressure (P), ie, TϭPϫR/h, is substantially reduced. This net reduction in tension is experienced preferentially by the cuffed artery because of its smaller diameter and because additional tensile stress is imposed on the outer, cuffing artery when its cut edges are apposed during suturing.
The model produced the atrophic responses we predicted; however we were struck by the potency and rapidity with which these occurred. The vessel underwent extensive atrophy over 21 days, which comprised loss of medial mass, smooth muscle cell apoptosis, and extensive degradation of medial extracellular matrix; thus, significant reductions in vessel wall DNA (30%), elastin (29%), and collagen (67%) contents were observed. Zymography and Western blot analysis indicated that atrophy was accompanied by marked upregulation and activation of gelatinolytic enzymes, including MMP-2 and MMP-9, plus other unidentified gelatinases. The accumulated effects of these processes were a decrease in medial tissue mass, as assessed by medial cross-sectional area, of Ϸ35%. The subsequent structural stability of the cuffed artery between 3 weeks and 6 months indicates that the vessel reached equilibrium with hemodynamic loads by the earlier time point.
Our observations of rapid loss of matrix proteins, with the expression of a diverse family of matrix-degrading enzymes, indicate that reduced wall tension is a very potent stimulus for remodeling matrix, especially because these proteins are normally very stable. 1 Zymography showed constitutive activity of 67-and 60-kDa gelatinases in unmanipulated control arteries, and Western immunoblots demonstrated that this activity is attributable to the latent and active forms of MMP-2, which is constitutively expressed in vascular tissue. (Latent enzymes produce lytic bands with zymography because SDS in the gels causes conformational changes in the protein that expose the active site.) Activity associated with MMP-2 was upregulated in cuffed arteries; in addition, off-loading wall tension induced expression of 5 more gelatinolytic enzymes with molecular masses of 108, 100, 85, 75, and 37 kDa. Western immunoblots indicated that the 85-kDa gelatinase was MMP-9. The antibody used in Western blots also detected the 67-and 60-kDa bands, but cross-reactivity of the antibody with MMP-2 has been reported previously, according to information provided by the supplier. The induction of MMP-9 during arterial remodeling is consistent with findings from other investigators. 26, 27 Its expression may be especially noteworthy, because arterial elastin is degraded by MMP-9. 28 We have not yet identified the origins of other lytic bands on the zymograms.
Cell death was also extensive in cuffed arteries, and fragmentation of DNA extracted from cuffed arteries into oligonucleosomes indicated that cell death occurred via apoptosis. This mode of cell death plays an important role in developmental remodeling of large arteries 13 as well as in a variety of vascular pathologies. 29 -32 In particular, reductions in flow rate through developing arteries substantially upregulate apoptosis in these vessels. 8 In previous studies, we found that death or proliferation of endothelial cells rapidly restored cell density to resting levels when arteries remodel in response to altered hemodynamics, 2,14 a finding that suggests that density-dependent signals control apoptosis and mitosis rates. It is possible that density-dependent signals also control medial smooth muscle cell populations in the cuffed arteries we examined; however, there are other possibilities. For example, tensile stresses regulate expression of mitogens, and many of these also are survival factors that protect against apoptosis. Thus, hypertension induces expression of plateletderived growth factor, 33 a known mitogen and survival factor for smooth muscle cells; therefore, it is possible that apoptosis follows withdrawal of tonic release of platelet-derived growth factor or other survival factors when wall tension is reduced. Finally, matrix constituents provide survival signals to many cells via integrin-mediated responses. For example, Boudreau et al 34 showed that both ␤ 1 integrin downregulation and extracellular matrix degradation can induce mammary epithelial cells to undergo apoptosis, as indicated by degradation of DNA into oligonucleosomes. Consequently, the massive upregulation of matrix-degrading enzymes observed in our studies may deprive cells of matrix-integrin interactions that are antiapoptotic. Conversely, cell-matrix interactions have been implicated in cell survival. For example, proteolytic degradation of collagen can release integrin ligands that interact with cellular integrins to convey survival signals to the cells. 35 Although we believe that atrophy in the artery-cuffed artery is due to decreased circumferential wall tension, it is also possible that other consequences of cuffing contribute to medial atrophy, including obstruction of the transport of fluid and solutes across the media and disruption of the nutrient supply from adventitial vasa vasorum. However, previous studies appear to exclude these processes as causes of medial atrophy. Specifically, loosely fitting cuffs, which were sealed securely to the artery wall at both ends, obstructed transmedial fluid flux and adventitial blood supply but did not cause atrophy; instead, they elicited an intimal proliferative response. 36 The primary differences between these cuffs and the tightly fitting cuffs we have employed is that the former do not constrain circumferential distension, but they are designed to totally obstruct transmedial fluid transport. Furthermore, the participation of medial tissue close to the lumen, ie, very close to the primary nutrient supply for wall tissue, argues against impaired nutrient delivery as a source of atrophy. We infer that off-loading tension is responsible for the atrophy that we observed. Available data on mechanical properties of rabbit carotid arteries 37 indicate that wall tension was almost totally eliminated in our experiments; therefore, more modest off-loading may produce different or more subtle medial remodeling.
Application of the arterial cuff in this study also elicited an inflammatory response; however, this response was restricted to the suture line where the longitudinal cut in the cuffing artery was rejoined. Because medial atrophy was observed at all points around the circumference of the cuffed artery, we infer that this local inflammatory response did not contribute significantly to this response of the cuffed artery.
Finally, we were concerned that part of the remodeling response we observed may have been due to increased shear stress imposed by blood flow on the arterial wall. Increased shear stress was anticipated because the experimental procedure requires ligation of the contralateral carotid artery, and the remaining carotid artery therefore carries substantial collateral flow. 14, 15 Furthermore, the diameter reduction produced by the cuff was expected to increase shear stress. We found, however, that left external carotid artery ligation, which reduces left common carotid artery blood flow by 70%, had no effect on the remodeling response after cuffing. It appears, therefore, that the remodeling responses elicited by increased blood flow were totally masked by the very potent responses to application of the cuff.
